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A Simple In Vivo System for Studying Epithelialization, Hair
Follicle Formation, and Invasion Using Primary Epidermal
Cells from Wild-Type and Transgenic Ornithine
Decarboxylase-Overexpressing Mouse Skin
To the Editor:
We report here a simple system for studying epithelialization, hair
follicle formation, and tumorigenesis by epidermal keratinocytes.
We have adapted a tracheal xenotransplantation assay originally
developed to evaluate invasiveness of human and mouse bronchial
epithelial cell lines (Terzaghi et al, 1978; Momiki et al, 1991). This
technique involves the seeding of epithelial cells into deepithelia-
lized rat tracheas that are then transplanted subcutaneously into
athymic nude mice. Both nontumorigenic and premalignant
epithelial cell lines reepithelialize these tracheas within a few
weeks by growing on the luminal surface of the tracheal grafts
(Smith et al, 1997). Stromal cells are contributed by the host mouse,
and result in the repopulation of cells and blood vessels in the
lamina propria of the tracheal grafts. Thus, tumor cell invasiveness
that is dependent on cell±matrix interactions can be fully evaluated
using this tracheal xenotransplant assay. Momiki and Klein-Szanto
have classi®ed the degree of invasion of the tracheal wall according
to the level of penetration of the cells being tested, with level 0
describing transplanted cells con®ned to the lining of the luminal
surface, level 2 involving in®ltration of the lamina propria, the pars
membranacea, and the trachealis muscle but not the adventitia, and
level 3 for when the malignant cells have reached the adventitia and
the whole tracheal wall is invaded (Momiki et al, 1991). This
method offers several advantages over in vitro assays in that it more
closely simulates the in vivo conditions in which epithelial tumor
cells invade neighboring tissue. Moreover, the cells under evalu-
ation are contained in a small, de®ned area of the tracheal graft that
also serves to separate the tested epithelial cells from endogenous
epithelial cells of the host athymic nude mouse. In®ltration of
grafted cultures of epithelial cells by host epithelial cells surrounding
the graft site can be a problem with some grafting procedures such
as skin reconstitution methods. In addition, far fewer cells are
needed to re-epithelialize the lumen of a tracheal graft than are
needed in other epithelial grafting procedures, thus offering the
potential to study stem cells derived from the cutaneous epithelium
where the number of inoculating cells is limiting. We have tested
the feasibility of growing primary cultures of murine keratinocytes
in tracheal xenotransplants in order to develop a simple, enclosed
system in which epidermal cells can be evaluated in vivo.
INVASION ASSAY
We used the tracheal xenotransplant procedure to evaluate invasive
properties of primary cultures of keratinocytes that express elevated
levels of ODC and/or v-Ha-ras. As a source of cells that express
high levels of ODC, we took advantage of the K6/ODC transgenic
mouse in which a keratin 6 promoter is used to target ODC
overexpression to outer root sheath cells of hair follicles (Megosh et
al, 1995). Primary keratinocytes were isolated from the skin of 2±3-
d-old K6/ODC transgenic mice and their normal littermates.
Whereas the keratin 6 promoter is not active in mice at age 2±3 d,
the keratin 6 promoter is turned on when the isolated keratinocytes
from the skin of these newborn animals are cultured, resulting in
high levels of ODC activity in the cultured keratinocytes. Half of
the cultured keratinocytes were infected with a replication-
defective v-Ha-ras retrovirus (Roop et al, 1986), and then
inoculated 2±3 d later in prepared deepithelialized rat tracheas
with a blunt-tipped needle at a concentration of 107 cells per ml
(0.050±0.125 ml per trachea depending on tracheal size). The
inoculated tracheas were sealed at the ends with hemoclips,
stretched onto thin Te¯on tubing, and implanted subcutaneously
into athymic mice for 5 wk to assay the degree of invasion of the
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keratinocytes through the tracheal wall. Whereas all keratinocyte
groups successfully reepithelialized the tracheas (Fig 1), the tracheal
epithelia adopted characteristics of the epithelium seen in transgenic
mice from which the primary epidermal cells originated. For
instance, tracheal epithelium composed of primary epidermal cells
derived from K6/ODC transgenic skin (Fig 1b) demonstrated
strati®cation of a highly differentiated epidermis as well as
pronounced sebaceous glands that are characteristic of K6/ODC
transgenic skin. Tracheal epithelium derived from normal wild-
type keratinocytes and no dermal ®broblast cultures never
contained any sebaceous glands. Although v-Ha-ras infected
keratinocytes occasionally developed an epithelium with an
undulating basement membrane and with more cell layers than
that seen from wild-type noninfected keratinocytes, v-Ha-ras
infected keratinocytes never developed exophytic lesions in
tracheal xenotransplants. Primary keratinocytes that expressed
elevated levels of only ODC or only v-Ha-ras, however, were
never invasive in this tracheal transplant assay. These results agree
well with skin graft assays where normal keratinocytes infected with
a v-Ha-ras retrovirus resulted in only benign papillomas (non-
invasive) in graft sites (Roop et al, 1986). In contrast, ODC
overexpression cooperated with the mutated ras to transform the
primary keratinocytes (nine of nine) into invasive malignant cells
that penetrated all layers of the tracheal wall, often distorting the
tracheal wall (Fig 1d). This invasive behavior of K6/ODC
transgenic keratinocytes infected with v-Ha-ras is reminiscent of
the spontaneous malignant skin carcinomas that develop in ODC/
Ras double transgenic mice (Smith et al, 1998).
EPITHELIALIZATION FROM CULTURED STEM CELL
COLONIES AND RECONSTITUTION OF HAIR
FOLLICLES
The tracheal grafting method is also useful for hair follicle
reconstitution assays or for studying epithelialization of keratinocyte
stem cell colonies. We inoculated rat tracheas with 0.5 3 106 fresh
or cultured keratinocytes from newborn mice together with
0.5 3 106 fresh newborn ®broblasts or cultured dermal papilla
cells from a hair inductive line, and implanted the tracheas for 2 wk
to allow epithelialization or for 4 wk for formation of hair follicles
and sebaceous glands. Figure 2 shows a typical example of the hair
follicles and sebaceous glands formed by cultured keratinocytes
from newborn mice when grafted with fresh newborn ®broblasts.
We found that the number of hair follicles that form is a function of
the number of epithelial cells, the number of inductive ®broblasts,
and the culture time of the epithelial cells. Use of freshly harvested
epithelial cells was more effective than cultured epithelial cells in
forming hair follicles in the tracheal xenotransplants. Although fresh
or cultured epidermal keratinocytes from adult mice formed a two-
layered epithelium, they failed to form hair follicles even when
grafted with fresh ®broblasts. Cultured stem cell colonies from adult
mice (Morris and Potten, 1994) often formed a two-layered
epithelium reminiscent of the epidermis of adult mice when grafted
by this method (Fig 2c). The epithelium formed by cells from the
colonies is often somewhat thin due to the limited number of cells
available. Moreover, epidermal cells from mice initiated with 200
nmols of 7, 12-dimethylbenz[a]anthracene formed a normal
appearing epithelium, whereas cells from mice previously initiated
and then promoted with 12-O-tetradecanoylphorbol-13-acetate
formed dysplastic or exophytic foci (data not shown).
Our results demonstrate that the tracheal xenotransplant pro-
cedure is an excellent assay useful for evaluating several diverse
physiologic aspects of epidermal keratinocytes, including invasive-
ness resulting from the expression of one or more genes in primary
keratinocyte cultures from transgenic mice. In addition, this
technique would ®nd utility in the study of factors modifying
hair follicle development. This grafting method perhaps has its
greatest advantage over other published methods when the
inoculating cells are limited in number, as is the case for certain
transgenic mice or for the dif®cult and fastidious keratinocyte stem
cell colonies from mice. When the rat tracheas are purchased from a
reliable supplier such as Charles River Laboratories, the technique
is easy and requires no special surgical skills.
Susan K. Gilmour, Kimberly A. Teti, Kai Q. Wu,
Rebecca J. Morris
Lankenau Institute for Medical Research, Wynnewood,
Pennsylvania, U.S.A.
Figure 1. Cross-sections of tracheal
transplants repopulated with primary cultures
of murine keratinocytes 5 wk after
transplantation into the subcutaneous tissue
of athymic nude mice. (A) Primary
keratinocytes isolated from newborn normal,
nontransgenic mouse skin remain localized to the
luminal surface (black arrows point to the basement
membrane separating the epithelial layer and the
lamina propria of the tracheal wall) without any
evidence of invasion of the tracheal wall. Inset
shows a higher magni®cation view of the
epithelium. (B) Primary keratinocytes isolated from
newborn K6/ODC transgenic mouse skin are seen
repopulating the luminal surface, yielding an
epithelium occasionally characterized by sebaceous
glands (s). (C, D) Primary keratinocytes were
infected with a v-Ha-ras retrovirus. Primary
keratinocytes isolated from normal, nontransgenic
mouse skin and v-Ha-ras infected, as shown in (C),
are localized on the luminal surface (dark arrow)
without any evidence of invasion. (D) v-Ha-ras
infection of primary keratinocytes isolated from
K6/ODC transgenic mouse skin results in invasive
cells that penetrate all layers of the tracheal wall. All
sections are stained with hemotoxylin and eosin.
Representative pictures only are shown. Lu,
tracheal lumen; r, tracheal cartilage; s, sebaceous
glands. Scale bars: (A) 50 mm, (A, inset) 12.5 mm,
(B, C) 25 mm, (D) 50 mm.
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Figure 2. Cross-sections of tracheal transplants repopulated with
primary cultures of murine keratinocytes 4 wk after
transplantation into the subcutaneous tissue of athymic nude
mice. (A) One week cultures of primary keratinocytes from newborn
mice grafted together with freshly harvested newborn dermal ®broblasts.
Note the formation of the hair follicle (hf) and epithelium (arrow). (B)
Higher magni®cation photomicrograph of a hair follicle (hf) and
sebaceous gland (sg) formed by cultured keratinocytes from newborn
mice grafted with dermal ®broblasts. (C) Two layered epithelium (arrow)
formed by a colony grown from a single adult mouse epidermal
keratinocyte. Representative photomicrographs are shown. All sections
are stained with hematoxylin and eosin. Lu, tracheal lumen; r, cartilage.
Scale bars: (A) 50 mm, (B, C) 12.5 mm.
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